Anatomical studies over the past decade have illuminated the synaptic organization of monoamine-containing axons and GABAergic interneurons in the cortex. Dopamine (DA) axons form synaptic specializations with interneurons in the prefrontal cortex (PFC) (Verney et al. 1991; Smiley and Goldman-Rakic 1993; Sesack et al. 1995) . Consistent with this anatomical arrangement, DA acts through a D 2 -like DA receptor to increase extracellular GABA levels in the PFC of the rat (Grobin and Deutch 1998) and depolarizes PFC interneurons (Yang et al. 1997; Zheng et al. 1997) . We have previously found that acute administration of the atypical antipsychotic drug clozapine sharply decreases extracellular GABA levels in the PFC, and the typical antipsychotic drug (APD) haloperidol only weakly alters GABA levels (Bourdelais and Deutch 1994). The differences between the effects of the two APDs on GABA release in the PFC may be due to the potent 5-HT receptor antagonism of clozapine.
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Recent anatomical data indicate that the major target of serotonin axons in the PFC is the interneuron (Smiley and Goldman-Rakic 1996) . 5-HT 2a and 5-HT 2c mRNAs are expressed in PFC neurons, and immunohistochemical and in situ hybridization histochemical data indicate that the 5-HT 2a receptor is localized to a subset of interneurons as well as pyramidal cells (Burnet et al. 1995; Willins et al. 1997; Jakab and Goldman-Rakic 1997) .
The role of serotonin in regulating GABA release in the PFC has not been studied directly. Because interneurons in the PFC express 5-HT 2 receptors, we examined the ability of the 5-HT 2a/c agonist 1-(2,5-dimethoxy-4-iodophenyl-2-aminopropane; DOI) to alter extracellular GABA levels in the PFC, using in vivo microdialysis. In addition, in order to determine if DOI activates interneurons in the PFC, we examined the effects of DOI on Fos protein induction in GABAergic cells using immunohistochemical methods.
METHODS
Adult male Sprague-Dawley rats (Camm, Wayne, NJ, USA) were housed on a 12:12 light-dark cycle and had free access to food and water. Rats were surgically implanted with chronic in-dwelling guide cannulae into the PFC (coordinates AP ϩ 3.0 from bregma; L ϩ 2.2; DV Ϫ 2.3; implanted 17 Њ from vertical [Paxinos and Watson 1986] ). Five to seven days later, microdialysis probes (260 m o.d.) with an exchange length of 3.0 mm were inserted into the PFC in awake rats, and the probes were perfused overnight (0.2 l/min) with artificial cerebrospinal fluid (see Grobin and Deutch 1998) . The next morning, the flow was increased to 2.0 l/min, and after a 60-min equilibration period, dialysis samples were collected every 20 min from the freely moving rats. Five 20-min samples were collected for baseline determination, after which DOI (5.0, 50, or 100 m) was administered through the dialysis probe for 20 min, and the next seven dialysis samples were collected. Rats were sacrificed, and probe placements in the PFC were verified by examining cresyl violetstained coronal sections cut through the PFC.
Dialysis samples were analyzed by high-performance liquid chromatography (HPLC) with electrochemical detection, using precolumn derivatization with O-phthaldialdehyde (see Bourdelais and Kalivas 1991) . Raw data (fmols/ l dialysate) were analyzed for over-all significance by ANOVA with repeated measures on the time factor.
To examine the cellular targets of DOI, rats were injected subcutaneously with 5.0 mg/kg DOI or vehicle, and perfused 3 hours later with 4% paraformaldehyde. Sections were processed for immunohistochemical localization of GAD 67 using a rabbit antibody (1:1000; Chemicon; Temuecula, CA, USA); a peroxidase-antiperoxidase method with diaminobenzidine as the chromogen was used, yielding a brown cytosolic reaction product. Sections were subsequently processed using an avidin-biotin immunoperoxidase method for demonstration of Fos-like immunoreactivity (-li), with diaminobenzidine in the presence of cobalt chloride and nickel ammonium sulfate yielding black Fos-like immunoreactive nuclei that were clearly visibly against the brown cytosolic reaction product for GAD 67 -li (see Deutch et al. 1991 ); a sheep antibody directed against Fos (1:6000; Genosys; The Woodlands, TX, USA) was used. The number of Fos-li neurons in a defined area of the prelimbic/infralimbic cortices was first counted, and then the number of Fos-li neurons in 100 GAD 67 -li neurons was counted to arrive at a percentage of interneurons expressing Fos. The numbers of Fos-li cells in the PFC of control and DOI-treated rats were compared using a t -test, and the percentage of interneurons expressing Fos-li in vehicle-and DOI-treated rats were compared using the Mann-Whitney U statistic.
RESULTS
Local PFC administration of the 5-HT 2a/c agonist DOI significantly increased extracellular GABA levels in the PFC in a dose-dependent manner. Mean baseline GABA levels in the PFC were 38.3 Ϯ 3.9 fmols/ l (not corrected for probe recovery of ഠ 8%). 5.0 M DOI administration did not alter extracellular GABA levels in the PFC, but the intermediate and high doses both increased extracellular GABA levels (see Figure 1) .
Immunohistochemical examination revealed that administration of 5.0 mg/kg DOI significantly increased the number of Fos-li neurons in the PFC (1.7 Ϯ 0.3 Fos-li cells in vehicle-treated rats versus 35.0 Ϯ 9.5 Fos-li cells in DOI-treated rats; t[4] ϭ 3.51, p р .05). Double-labeling studies revealed Fos-li Nuclei in both GABAergic (GAD67-li) interneurons and in cells that did not exhibit GAD 67 -li and were thus considered pyramidal cells (Figure 2 ). DOI treatment significantly increased the percentage of GABAergic cells in the PFC that expressed Fos-li ( p р .05), with vehicle-treated animals expressing Fos-li in 4.3 ( Ϯ 1.4) % of interneurons, as compared to DOI-treated animals expressing Fos-li in 12.3 ( Ϯ 1.7) % of GABAergic neurons.
DISCUSSION
Acute DOI treatment increased extracellular GABA levels and increased Fos expression in GABAergic cells of the PFC. These data are consistent with the hypothesis that serotonin, acting through a 5-HT2 receptor, activates cortical interneurons.
The ability of DOI to increase extracellular GABA levels is most likely caused by release of the transmitter from interneurons. Basal extracellular GABA levels in the PFC are partly tetrodotoxin-sensitive under our conditions in the awake, freely moving animal (Bourdelais and Deutch 1994) , suggesting that some of the GABA in the dialysate is derived from nontransmitter pools of the amino acid. However, the DA agonistevoked increase in extracellular GABA is Ͼ 90% tetrodotoxin-sensitive (Grobin and Deutch 1998) , suggesting that evoked GABA release is derived almost solely from the transmitter pool. This suggestion is consistent with previous data (Campbell et al. 1993) .
Systemic administration of DOI increased the number of Fos-like immunoreactive neurons in the PFC, confirming the observation of Leslie et al. (1993) that DOI induces Fos expression in (uncharacterized) cortical neurons. We found that vehicle-treated rats rarely displayed Fos-li nuclei in GAD 67 -li cells, but in DOI-treated rats, Fos expression was observed in both interneurons and pyramidal cells. These findings are consistent with the dialysis data, and suggest that DOI specifically targets GABA interneurons as well as pyramidal cells. DOI does not induce Fos in all interneurons; further work will be necessary to determine the distinct population(s) of GABAergic interneurons that are affected.
It is unclear if the effect of DOI on GABAergic interneurons is direct or is mediated through activation of pyramidal cell collaterals. Electrophysiological data in Figure 2 . Photomicrograph of Fos-like immunoreactive nuclei (black reaction product) in GAD 67 -positive (small arrow) interneurons and GAD 67 -negative pyramidal cells (arrowhead). GAD 67 -li neurons that do not express Fos-li can also be seen. the pyriform cortex indicate that DOI directly depolarizes interneurons (Marek and Aghajanian 1994) . However, electrophysiological studies in the PFC suggest that the major effect of serotonin is on pyramidal cells (Aghajanian and Marek 1997) . Because 5-HT 2a receptors are present on interneurons and pyramidal cells (Willins et al. 1997; Jakab and Goldman-Rakic 1997) , DOI may exert both direct and indirect effects on interneurons. In view of the data indicating that the interneuron is the major target of serotonin terminals in the PFC, (Smiley and Goldman-Rakic 1996) , it is conceivable that serotoninmediated synaptic transmission regulates GABAergic interneurons, and that nonjunctional ("paracrine") serotonergic transmission is more critically related to pyramidal cell activity.
DOI displays high affinities for both the 5-HT 2a and 5-HT 2c receptors. The former are expressed on interneurons and pyramidal cells (Willins et al. 1997; Jakab and Goldman-Rakic 1997) , but the cellular localization of the 5-HT 2c receptor in the PFC is not known. Further work using specific 5-HT 2a and 5-HT 2c antagonists will unravel the relative contributions of these receptors to serotonergic regulation of GABAergic interneurons.
The ability of DOI to increase extracellular GABA levels in the PFC is consistent with the hypothesis that serotonin regulates cortical interneurons, and suggests that GABAergic mechanisms may indirectly contribute to the mechanisms of action of atypical APDs. In the rat pyriform cortex, where 5-HT 2a activation depolarizes interneurons (Sheldon and Aghajanian 1991; Marek and Aghajanian 1994) , atypical APDs potently block serotonin-mediated effects (Gellman and Aghajanian 1994) . Acute administration of the atypical APD clozapine sharply decreases PFC GABA levels (Bourdelais and Deutch 1994) , consistent with the high 5-HT 2 :D 2 affinity ratio of clozapine (Meltzer et al. 1989) .
Our data indicate that serotonin, operating through a 5-HT 2 receptor, activates GABAergic interneurons in the PFC. We have recently reported that DA agonists, operating through a D 2 receptor, also increase extracellular GABA levels (Grobin and Deutch 1998) . Thus, DA and serotonin may coordinately regulate PFC interneurons, similar to the situation observed in the pyriform cortex (Gellman and Aghajanian 1993) . The high 5-HT 2a :D 2 affinity ratio of clozapine and other putative atypical APDs (Meltzer et al. 1989 ) fits well with a coordinate regulation of interneurons in the PFC by serotonin and dopamine.
